We determined the millimolar absorptivities of the four clinically relevant derivatives of fetal and adult human hemoglobin in the visible and near-infrared spectral range (450-1000 nm). As expected, spectral absorption curves of similar shape were found, but the small differences between fetal and adult hemoglobin absorptivity were important enough that they should be taken into account in multicomponent analysis of hemoglobin derivatives.
extended the spectral range to 1000 nm. The absorptivity data thus obtained are also applicable to multicomponent analysis for hemoglobin derivatives in fetal and neonatal blood with a general purpose diode-array spectrophotometer (8) . New spectra of the common derivatives of HbA were determined for comparison with the corresponding HbF spectra.
Materials and Methods
Adult human blood was obtained from apparently healthy donors, and fetal blood by puncture of the umbilical cord immediately after delivery. The blood was anticoagulated with sodium heparin (100 USP units/mL of blood). The plasma was removed and the erythrocytes were resuspended in a 9 g/L NaC1 solution. The total hemoglobin concentration (c) was kept between 100 and 150 g/L. Oxyhemoglobin (Hb02), deoxyhemoglobin (Hb), and HbCO solutions were prepared by tonometry of the erythrocyte suspensions with 02/002, N2/C02, and N2/CO/C02 mixtures, respectively, as described previously (8) . Hi was prepared from Hb by the addition of solid hexacyanoferrate Ill EK3Fe(CN)6]. Erythrolysis was performed differently from our earlier procedure.
After tonometry for 2 h, 2 mL of a 100 mL(L solution of the nonionic detergent Sterox SE (Hartman, Leddon Co., Philadelphia, PA 19104) was introduced into the revolving tonometer; the solution was in equilibrium with the gas mixture flowing through the tonometer. After erythrolysis, tonometry was continued for -20 mm. For Hb02 and HbCO, the spectrophotometer cuveta were filled directly from the tonometers through cotton-wool filters; contact between the sample to be measured and the room air was avoided. For Hb, the cuvet.s were filled by a slightly different procedure, allowing the addition of 3 mg of sodium dithionite (Na2S204) per 2 mL of erythrolysate.
Absorbance measurements were made at room temperature (20-24 #{176}C) with a Model HP8450 A diode-array spectrophotometer (Hewlett-Packard Co., Palo Alto, CA 94304) in the spectral range of 450-700 nm with a lightpath length (1) of 0.013 cm, and in the range of 600-800 nm with 1= 1.000 cm for HbCO, I 0.203 cm for Hb02 and Hb, and I = 0.100 cm for Hi. The samples we used for the absorbance measurements in the latter range were subsequently measured in the range of 660-1000 nm at various intervals with an Optica CF4 grating spectrophotometer (Optica, S.p.A., Milan, Italy) and the same values for lightpath length. In each sample, C* was measured by the standardized methemoglobin cyanide method (9) . The absorptivities (e expressed in L-mmol' -cm') were calculated by dividing the absorbances at each wavelength by c. (mmol/L) and 1 (cm The significance of the differences between the absorptivities of HbA and HbF was assessed by Student's t-test for unpaired samples, two-tailed. A difference was considered significant when P was <0.05. Figure 1 shows the absorption spectra of Hb, Hb02, HbCO, and Hi for HbA and HbF in the spectral range of 450-700 nm. The absorptivities of the various derivatives at wavelengths near the principal light-absorption maxima and minima are presented in Table 1 . The data show that most of the differences between HbA and HbF, apparent from Figure 1 , are statistically significant. Figure   2 shows the HbA and HbF absorption spectra of the various derivatives in the spectral range of 600-800 nm; an expanded ordinate is used because the absorptivities are lower in this region. In this range, the absorption spectra of Hb, Hb02, and HbCO are not appreciably different between HbA and HbF. In the left panel of Figure 2 , all four absorptivity curves converge to the isosbestic point of Hb and Hb02, which is only slightly above 800 nm (12). Figure 2 shows that, for Hi, the absorptivities of HbA and HbF differ over almost the entire spectral region, the difference being statistically significant at most wavelengths. At (e.g.) 680 nm, #{128} (HbF) = 0.286 ± 0.009 and #{128} (HbA) = 0.257 ± 0.004 (6) 15.36 ± 0.030 (6) 5.22 ± 0.018 (8) 14.30 ± 0.041 (8) 14.27± 0.038 (8) 11.83 ± 0.031 (8) 14.43 ± 0.040 (8) 14.46 ± 0.042 (8) 9.07 ± 0.017(6) hemoglobin derivatives of HbF and HbA through the entire range of 450-1000 nm, including some wavelengths of interest for special purposes, e.g., 660 and 940 nm, which are used in pulse oximetry (14), and 700,775, 805, 845, 880, and 904 nm, which are used in nearinfrared spectrophotometry of organs and tissues in vivo (15, 16) . The values for 450-600 nm are based on measurements with the HP8450 A diode-array spectrophotometer, and those for 600-1000 nm on measurements with the Optica CF4 grating spectrophotometer. Statistical analysis shows that for A >800 ma, there is no difference between HbA and HbF for HbCO, which absorbs hardly any light in this region, whereas for Hb, Hb02, and Hi, the differences are significant at most wavelengths. This caused a little distortion in the spectra as depicted in Figure 1 . The highest peak in the Hb02 spectrum of HbA is measured at 578 ma, whereas the true a-peak is at 576.9 ma (13). Because locating the peaks and troughs in the absorption spectra exactly requires a spectral resolution of about 0.1 ma, which in our laboratory can be accomplished only when a laborious manual procedure is used, we preferred the method described. For comparing the absorption spectra of HbA and HbF, the limited spectral resolution of the diodearray spectrophotometer is hardly a disadvantage and it is amply outweighed by the accuracy with which the absorption is measured at each wavelength and the rapidity with which absorption spectra can be determined over a wide range of wavelengths.
Results
The absorptivity data for HbA as given in Tables 1  and 2 are in fair agreement with those formerly released from our laboratory (13,17,18) , although several technical modifications have been carried out over time. The slightly higher e values in the red and near-infrared region reported previously (17) , which cause a displacement of the isosbestic point of Hb and Hb02 to 815 ma, are caused by adding sodium dithiomte to oxygenated hemolysates.
This produces Hb solutions with absorption spectra showing a minor upward displacement at A >660 ma; consequently, the crossover point for the Hb02 spectra is shifted to longer wavelengths. In the present procedure we have added only a tiny amount of Na2S2O4 to the solutions after the deoxygenation by tonometry with N21C02, to avoid any re-oxygenation 
_____________________
In comparing the Hi spectrum of HbF with a family of Hi spectra of HbA made at different pH values, we did not find a single pH value at which the absorption spectra could be made to coincide. In Figure 1 , the Hi spectrum of HbF exceeds that of HbA in both maxima (500 and 632 urn). If, by decreasing the pH of the Hi solutions of HbA, the peaks at 500 ma are made to coincide, the HbA peak at 632 nm exceeds that of HbF. The most prominent difference between the Hi spectra of HbA and HbF, however, is in the region between 560 and 610 nm, where the spectrum of HbF is definitely flatter and lower than that of HbA. In deciding which Hi spectra of HbF and HbA to present in these figures and tables, we selected the spectra at the pH of the samples after lysis of erythrocyte suspensions at normal arterial Pco2. This most resembles what happens in the spectrophotometric multicomponent analysis of hemoglobin derivatives. This also enabled us to keep the procedure for preparing the Hi solutions as similar as possible to that used for the other derivatives, and identical for HbA and HbF. Although changes in pH have also been shown to influence the absorption spectra of Hb02 and HbCO (5, 19), these effects are small enough to be neglected in all clinical applications of hemoglobin spectrophotometry.
The significant differences for Hb between HbF and HbA as shown in Figure 1 and Table 1 were not apparent in our original material. There are some technical differences between the two series of measurements, which may explain the observed differences. Our earlier measurements were made with hemolysates instead of the erythrolysates used in the present investigation, and no corrections were made for the possible presence of Hi in the solutions of the other derivatives.
Our absorption spectra of HbF show qualitatively the same differences in comparison with those of HbA as described by Fogh is not impaired through differences between the absorption spectra of HbF and HbA. In fact, ascertaining the reliability of pulse oximeters used on newborn infants was the principal objective of their investigations. Therefore, they did not need to measure as accurately as possible the absorptivities of the four derivatives of HbF and HbA. We did make this effort because previous experience showed that in multicomponent analysis of hemoglobin derivatives, these tiny differences are vital.
This has clearly been shown by the spurious HbCO (Table 4) is also in agreement with clinical experience o pulse oximetry (23) . Note that the opinion that pulse oximetry gives erroneous information in the case of CO intoxication because it does not signal the presence of HbCO (24) is based on a misunderstanding of the underlying spectrophotometric principles, as explained earlier by Eisenkraft (23) . Mendelson and Kent (25) investigated the influence of HbCO on pulse oximetry readings by using a tissue model simulating the optical properties of biological tissue and arterial pulsations similar in size and shape to real photoplethysmograms. However, in such an approach, outdated blood bank blood is circulated through artificial tubes and repeatedly passes through a pump and an oxygenator, which causes some degree of hemolysis and deterioration of small amounts of hemoglobin into products with other spectral properties. We surmise that such a process has caused the reported overestimation of 802 by some 5% when 10% HbCO was present, which agrees with neither our results nor clinical experience.
As to the influence of Hi on S as measured at the wavelengths of pulse oximetry, Tafle 4 showsan underestimation and overestimation of o2 at high and low oxygenation, respectively.
Given the limited usable data on the influence of Hi on pulse oximetry readings, these are in agreement with the results of our calculation (26). Most of the clinical papers on this subject, however, are difficult to interpret, because various definitions of oxygen saturation (27, 28) are used, and because methemoglobinemia is treated with methylene blue, which, through its color, has an effect on the pulse oximeter readings (29,30). 
